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Abstract 
A dynamic model of a palladium membrane reactor for the Water Gas Shift (WGS) reaction has been 
developed by using the ISAAC Dynamic© platform. The mono-dimensional, time depending model has 
been developed by coupling the simple models of WGS reaction and Pd-membrane, e.g. considering that 
separation and reaction occur simultaneously in a single cell. The model of the composite Pd-membrane 
includes the presence of defects in the palladium film and a multilayered support, while in the WGS 
model kinetics of the reaction is considered. Membrane model has been first validated by comparison 
with permeation measurements, in the 300-445°C temperature range, of two Pd-membranes 12 and 29 Pm 
thick, respectively, obtained by electroless plating on a macroporous stainless steel support. The whole 
model has been then validated by using results of WGS tests performed at RSE at 410°C in a tubular 
palladium membrane reactor fed with a syngas mixture with a 7.6% CO concentration and H2O/CO ratio 
in the 2.7-3.6 range. Model results fit quite well experimental data; the model, however, slightly 
overestimates CO conversion at high H2 recovery (up to the 10%), mainly due to the fact that 
concentration polarization effects are not considered. 
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1. Introduction 
Palladium and palladium alloy membranes have been extensively studied in bench-scale tests at several 
R&D institutes throughout the world [1-4]. Studies are now focusing on specific applications in a 
membrane reactor both for the WGS reaction [5-7] and for steam reforming [8-9]. Accordingly, an 
increasing number of models which are becoming more and more detailed, are being developed.  In a 
membrane reactor, chemical reactions, mass transfer and heat transfer occur simultaneously. Simplest 
models are mono-dimensional, steady state, isothermal and consider equilibrium conditions, while 
chemical reaction and separation are considered as sequential steps [6,10]. Some models are now 
considering kinetic of the WGS reaction and are incorporating a more detailed description of the 
membrane structure [11,12]. However dynamic models, e.g. able to follow the time evolution until steady 
state of the main process parameters, have not yet been developed.   
In this paper the mean features of a time dependent model are described. The model is developed by 
coupling the simple models of WGS reaction and of a Pd-membrane, e.g. by considering that separation 
and reaction occur simultaneously in a single cell of the reactor. The model is developed by using the 
ISAAC Dynamic© (ID) platform, which features are an ideal instrument to study and analyze the 
dynamics of such systems [13] 
As a first step, the main chemical and physical phenomena involved in the WGS reaction have been 
analyzed and a mathematical model formed by an equation set able to represent performances and 
kinetics of a WGS reactor has been built. 
Afterward the composite Pd-membrane model has been developed by considering a multilayered  porous 
support and  the presence of defects in the palladium film. As a starting point, the Pd-alloy membrane 
model described in [14] has been used. 
The two modules corresponding to the above described models have been implemented and tested 
separately in order to verify, even if not experimentally, their answer. The membrane reactor has been 
then modeled by subdividing it in several cells in sequence, alternating a reactor cell and a membrane in a 
proper number. Finally the two models have been coupled in order to represent simultaneously both the 
WGS reaction and hydrogen permeation through the Pd-membrane, taking into account their dynamics. 
This module is also able to evaluate the thermo-dynamics and gas kinetic motion aspects of the process.  
In this paper correlations needed to represent the shift reactor, the Pd- membrane and the coupled model  
are described. Also a brief description of the ID platform is supplied. Finally validation with experimental 
data is presented.    
2. Model description  
2.1. WGS reactor model 
The water gas shift (WGS) is an exothermic reaction where CO is converted into CO2 and H2:  
CO + H2O ė CO2 + H2    ΔH (298 K )= −41.2 kJ mol−1 
Temperature affects the reaction kinetics positively: the conversion is promoted by lowering the 
temperature. In industrial applications, the WGS reaction is carried out in several steps: usually, in order 
to achieve high conversions, the process takes place in two reactors operating at high and low 
temperature. The WGS reaction rate depends on temperature, gas concentration in the catalyst bed and e 
characteristics of the catalyst. For industrial use, two kinds of catalysts are available: one for high 
temperature operation (400–500 ۬C) usually composed by a iron/chromium oxides mixture, the other is a  
copper  based catalyst suitable for operation at lower temperature (200-280°C) [15]. Thermal stability and 
lower sensitivity to poisoning are the main characteristics of the high temperature catalyst. As a 
consequence three specific models have been developed: WGS reactor with high temperature catalyst; 
 A. Rossi et al. /  Energy Procedia  23 ( 2012 )  161 – 170 163
WGS reactor with low temperature catalyst; WGS reactor with low temperature pre-sulphurated (dirty) 
catalyst. In this paper only the first model is presented.  
More in detail the model simulates the behavior of the WGS reaction performed in a fixed-bad tubular 
catalytic reactor operating at high temperature (320-500°C) with a Fe/Cr catalyst. Additionally it allows 
the simulation of the reactor behavior both in adiabatic and isothermal conditions. The module can handle 
any gas mixture composed of CO, CO2, H2, H2S, COS, N2, Ar, CH4, NH3, He, HCl, H2O, O2, SO2, solid 
fraction. The model takes also into account the gas hydrodynamics inside the reactor. Its main 
assumptions are: 
General 
x The reactor can be divided in several cells in sequence  
x operating conditions and gas properties are assumed as uniform in the single cell (perfect 
mixing).  
x negligible radial temperature and concentration profiles (one dimensional model), 
Chemical  
x Perfect mixing conditions;  
x Negligible pressure losses ( the pressure losses are taken in to account only for the gas motion); 
x The reaction takes place in the gaseous phase on the catalyst surface; 
x  Kinetic parameters depend on the catalyst;  
x  The interaction between catalyst and gaseous mixture is neglected. 
Hydraulic 
x In the mass balance, the diffusion term is neglected; 
Thermal  
x Kinetic and potential energies are neglected; 
x  Reaction heat is considered; 
x  The thermal exchange at the catalyst/gas/reactor wall is taken in account; 
x  The heat exchange between reactor wall and external atmospheres is considered . 
 
Catalyst aging and poisoning 
The reduction of active sites caused by aging and / or poisoning of the catalyst can be taken into account 
by means of the appropriate coefficients as input to the module. Furthermore this model by means of  
mass balance, single component mass balance and  thermal balance supplies the thermal –chemical 
properties of the masses within the reactor and calculates the component  mass fractions at the reactor 
outlet,  the gas mass flow rate at the reactor outlet, the gas  temperature at the reactor outlet, the catalyst 
temperature and  reactor internal wall temperature. 
Kinetics of the WGS reaction is described by a simplified correlation based on the semi-empirical model 
valid for a standard  Fe2O3-based catalyst with a 5-15% of Cr2O3 [16]: 
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Where r is the reaction rate expressed in CO2 moles produced per second and per cubic meter of used 
catalyst and, P is the gas total pressure [atm], Keq is the thermodynamic equilibrium constant, T is the gas 
temperature [K],  R2 is the perfect gas constant (1.987 cal / mole*K),  k is the partial pressure ratio, kHS is 
the catalyst standard activity at high temperature  (37,871 mole/s*atm1/2*m3 ), EH is the  catalyst 
activation Energy at high temperature ( 48139 J/mole) , THS is the catalyst standard mean temperature [K],             
XCO is the molar fraction of CO in gaseous phase, ξ is the  axial abscissa inside the reactor.  
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For an ideal gas: 
k = kp = (PCO2*PH2)/(PCO*PH2O) = (CCO2*CH2)/(CCO*CH2O)                                    (2) 
 
In the chemical model, to express the thermodynamic equilibrium constant , the following expression  has 
been used: 
¸¸¹
·
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480072.4exp)( ]] TKeq                                                     (3) 
This constant is weakly influenced by pressure and decreases as temperature increases.  
2.2. Pd – based membrane model 
This module simulates a Pd-composite membrane for hydrogen separation. The process occurs within a 
tubular reactor formed by the palladium membrane, operating at temperatures above 250°C and with a 
pressure gradient through the membrane.  This module simulates: 
x Shell side feed flow; 
x Hydrogen diffusion flux within the palladium; 
x Gas flux through the possible defects in the palladium layer; 
x Permeate flux (H2 rich) that flows inside the membrane 
x Gas transport through the multilayer porous support 
The module, thorough mass, momentum and energy balances, can calculate: 
x Hydrogen permeating across the membrane; 
x retentate and permeate mass flow rate; 
x Retentate and permeate concentration; 
x Feed gas temperature variation during the separation process; 
x Palladium temperature variation; 
x Pressure variation both at retentate side and at permeate side; 
Balance equations are  reported in [17]. 
The main hypothesis concerning the chemical and thermal aspects considers: perfect mixing conditions  
(well stirred reactor), thermal exchange between gas retentate and external wall,  gas retentate  and 
palladium, palladium  and  gas permeate. Furthermore we consider the energy flux due to the mass 
transport both along the tube axis retentate and permeate side) and across the palladium layer and thermal 
equilibrium between the gas and palladium inside the Pd lattice. 
Hydrogen permeation through a dense palladium membrane is  expressed by the Sieverts’ law: 
 > @ 15.0)(2  nPPLPesmmolJ npnfS                                                                                  (4) 
where J (mol/s/m2) is the H2 flux, Pe is the permeability of the membrane, L is the thickness of the 
palladium layer, Pf and Pp are the hydrogen partial pressure in the retentate and permeate side 
respectively,  n is the pressure exponent. 
The membrane permeability can be expressed by an Arrhenius-type equation:   
¹¸
·
©¨
§ 
RT
EPePe a0                                                                                                                                (5) 
where  Pe0 is pre-exponential factor and Ea is the  activation energy; 
The gas diffusion through defects of the palladium layer can be described according to the relationship 
which considers the viscous flux ( VJ ) and Knudsen diffusion ( KJ ) [18]: 
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VKi JJJ                                                                                      (6) 
where     )( PfavVV PPPFJ                                            (7) 
and  )( iPifKK PPFJ                                           (8) 
Where Pav is the average pressure between Pf and Pp,  which  are the high and the low pressure side 
respectively and Pif and Pip are the corresponding partial pressures of the generic component “i” . 
FV is a function of the gas viscosity, while FK is a function of the molecular weight and radius of the 
pores, and can be expressed as: 
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Where ε is the porosity, r is the pore mean radius, τ is the tortuosity, μ is the gas viscosity, L is the 
thickness of the porous media (Pd – layer or support), T is the temperature and PMi is the molecular 
weight of the   “i”-component. 
Using the equations 4 – 10, H2  flux  through the Pd – layer in presence of defects can be evaluated as the 
sum of the Knudsen diffusion  
2KH
J , the viscous flow  
2VH
J  and the Sieverts’ flow  SJ : 
222 VHKHSH
JJJJ                                         (11) 
2.1. WGSMR  model 
The model  of the water gas shift membrane reactor (WGSMR) has been built by combining equations 
forming the mathematical models of the two modules above described, i.e. WGS reactor and Pd-
membrane (See Fig. 1). In this way the WGS reaction and H2 separation occur simultaneously in a single 
cell. In summary this model can represent , in detail,  the behaviour  of a WGS membrane reactor both 
from the hydraulic, thermal  and  chemical  point of view. This dynamic model can  follow the time 
evolution of the main process parameters (regarding the phenomena above mentioned)  until steady state  
is reached. 
2.1. Simulation Tool 
Since the scope is to have the possibility to fully understand the dynamics of  an WGSMR (focused but 
not limited to the choice presented here), the instrument adopted for the development is the fully dynamic 
platform ISAAC Dynamics© 2.1, conceived and developed by Struttura Informatica. Such platform 
allows the dynamic representation of the physical phenomena and of the operative procedures, an 
increasingly  relevant feature in the development of simulators of chemical plant or processes and  
Renewable Energy Source based plants. The main features of this natively dynamic tool are:  the solver is 
based on the Newton-Raphson method and operates in double precision; the architecture is based on 
components, easily integrated to represent a specific plant system as a group of logically connected 
blocks; control and regulation capabilities are embedded in the tool; the platform therefore intrinsically 
permits a modular approach. A very important feature of the development tool is the availability of a wide 
library of scientifically and experimentally validated models of components and plant equipments 
(modules); the Heat Transfer Fluid properties are described by well proven thermodynamic tables.  
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3. Results and discussion 
3.1. Pd- based membrane  model verification 
Verification of the model has been carried out by comparison with performances of two membranes, 29 
and 12 Pm thick, labeled as C3 and C4, respectively, tested in the 300-420°C temperature range. 
Membranes have been obtained by electroless plating on a 10 mm O.D. macroporous AISI316L support, 
with a nominal pore size of 0.1 Pm, according to a procedure described in [14]. The active surface of both 
membranes is 23.5 cm2. Membranes have been tested in a laboratory pilot loop in a  monocomponent gas 
feed (H2, He, CO2) and, thereafter, in gas mixtures, both with and without sweep gas (N2). Values of n 
exponent (eq. 4), activation energy (Ea in eq. 5) and permselectivity are shown in the table below . 
Membrane n exponent Activation energy(kJ/mol) PermselectivitybH2/He at 2 bar and 400°C 
C3 0.56 13.66 175 
C4 0.67 8.81 86.5 
Table 1. n exponent, activation energy and permselectivity of C3 and C4 membrane. 
It can be noted that C4 exhibits lower selectivity than C3, due to the presence of a higher number of 
pinholes in the Pd layer. The higher defect density and size of C4 is confirmed by the lower activation 
energy and higher n exponent value.    
Fig. 1a shows the comparison between experimental results and the simulations for a test performed with 
the membrane C4 by feeding pure hydrogen in absence of sweep gas at 310°C. The continue curve is the 
simulation performed without the presence of the defects on the palladium layer and by considering just 
the Sieverts’ law (see eq. 4) to describe the hydrogen permeation, while the dot line is the result obtained 
with the model when the defects on the membrane have been considered: in this case the model evaluates 
the hydrogen permeation as the sum of the Sieverts’ contribution, the Knudsen diffusion and the viscous 
flow (see eq. 11). A good agreement between the experimental data and the model results has been 
obtained when the presence of the defects on the palladium layer is considered. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 (a) H2 permeation test and model calculations with or without the presence of defects on the Pd-layer; (b) comparison between 
experimental results and model data obtained at different temperatures. 
 
b Permselectivity, at a given temperature and pressure, is defined as the ratio between the permeance of the hydrogen and 
permeance of the slower permeating gas (He or CO2). 
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The results at two different temperatures (310 and 400°C) are reported in fig. 1b for the C4 membrane; a 
good agreement with the simulation can be noted once the presence of defect  is considered. 
Fig. 2a shows H2 flux as a function of H2 partial pressure drop across the membrane, both in absence of 
sweep gas and with a nitrogen sweep gas. Once nitrogen is fed as sweep gas, a H2 flux lower than 
expected is measured; moreover the progressive increase of n-value (see eq. 4) from 0.67 up to 0.9 
suggests a corresponding increase in the mass transfer resistance of the support due to the presence of a 
stagnant gas, as reported in [19]. The model fits very well experimental data, also in presence of sweep 
gas; the simulation, however, has been carried out by assuming the n exponent equal to 0.9, and by 
maintaining the same value of Ea as in table 1, since  the model doesn’t consider any resistance due to the 
presence of a stagnant gas in the support. As explained in ref. 20, in fact, to describe the transport of a gas 
(H2) through a second stagnant gas (N2) in a porous media, the binary diffusion has to be considered.  
Fig. 2b reports hydrogen flux obtained with the C3 and C4 membrane, respectively, in absence of sweep 
gas.  As expected, according to eq. 4, the thinner membrane (C4) exhibits a much higher flux; the model 
fits well the experimental results for both the membranes. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 (a) H2 flux through the Pd-layer measured with or without sweep gas and model result; (b) Comparison between the 
experimental results and model data obtained with two different membranes at 400°C. 
 
When tests are performed by feeding pure He or pure CO2 their fluxes through the defects of the 
membrane can be described by eq .6 , as a sum of the Knudsen diffusion and the viscous flow.  The 
comparisons between experimental results obtained in presence of sweep gas and model simulations are 
shown in fig. 3. The model slightly overestimates helium flux, probably due to the presence of the sweep 
gas as explained above. Due to the negligible CO2 permeate flux, the difference between experimental 
data and simulation can be considered as negligible. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 3 Comparison between test results in monocomponent gas (He or CO2) and model calculations in presence of defects 
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3.2. WGSMR  model validation 
Verification of the model has been carried out by comparison with WGS tests performed with the C4 
membrane, described in detail in [14]. The membrane reactor, packed with a pulverized Fe/Cr 
commercial catalyst, has been operated at a temperature of 410-414°C and at a reaction pressure of 1-6 
bar in the counter-current mode, with  a nitrogen sweep-gas (see fig .4). The reactor has been fed with 
two gas mixtures, both  with a 7.6% CO concentration and H2O/CO of  2.7 and 3.6 respectively, as shown 
in table 2. The model has been built using the module WGSMR (above mentioned) representing the basic 
unit of this reactor: it has been divided in five axial cells and each one of them is linked  with the 
preceding and the following one both hydraulically and thermally; further they are transmitting each other 
the gas mixture composition and the flow rate both retentate and permeate side.  
 
 
Fig 4. scheme of the test section used for WGS tests  
Feed Composition [%vol] CO H2O H2 CO2 
FEED1 7.6 27.2 41.5 23.7 
FEED2 7.6 20.3 45.9 26.2 
Table 2. Feed gas mixture used in the experimental tests 
Results are shown in Fig.5a and 5b, where CO conversion as a function of feed pressure are reported for 
feed 1 and 2, respectively. Results of WGS tests and of simulations with a traditional reactor (TR), e.g. 
without any membrane, are also shown in these figures.   
Concerning tests with a traditional reactor, a CO conversion of the 36.6% and 15.8%, for feed 1 and feed 
2, respectively, have been obtained. These values are very close to the maximum achievable conversions 
at the thermodynamic equilibrium, thus indicating good performances of the catalyst in the specific 
experimental conditions. Simulations slightly underestimate experimental data (8 and 15%, 
approximately).   
Concerning tests with membrane reactor, while increasing the feed pressure, CO conversion increases up 
to 85 % and 78% for feed 1 and 2, respectively, due to the hydrogen permeation through the membrane.  
Simulations are in good agreement with experimental results at low feed pressure; by increasing pressure 
the model slightly overestimates CO conversion, a maximum difference of the 10%, approximately, has 
been obtained with feed 1, at  6 bar.  Simulations, moreover, fits better experimental data obtained with 
feed 2. 
These results can be determined by the following main factors, not yet considered in the model: 
x concentration polarization at the membrane feed side, becoming stronger while increasing H2 
recovery (feed pressure); 
x gas distribution at reactor inlet;  
 A. Rossi et al. /  Energy Procedia  23 ( 2012 )  161 – 170 169
Feed 1
0
20
40
60
80
100
0 2 4 6 8 10
Feed pressure [bar]
C
O
 c
o
n
v
e
rs
io
n
 [
%
]
TD equilibrium
Experimental MR
Experimental TR
Model TR
Model MR
 
Fig. 5 (a) experimental results obtained with the mixture Feed1 with a traditional and a membrane reactor and comparison with 
model calculations and TD equilibrium; (b) experimental results obtained with the mixture Feed2 with a traditional and a membrane 
reactor and comparison with model calculations and TD equilibrium. 
x uncertainty about some data regarding catalyst kinetics and its distribution inside the reactor. 
The  first factor is also enhanced by the fact that radial (and longitudinal too) diffusion is neglected. In 
fact gas radial diffusion, from the outer catalyst part towards the inner part in contact with the membrane, 
has time constant greater (at least 10 times) than the longitudinal transport crossing time of the reactor.  
The second factor means that the inlet gas, before reaching the membrane surface, has to cross about 5 
mm of catalyst in the radial direction; during this path through the catalyst the reaction occurs without any 
influence of the membrane . 
The third factor can be justified by uncertainty on kinetics parameters adopted and on the void degree: the 
reactor has been manually packed so that there is no absolute guarantee that the catalyst is uniformly 
distributed. 
 
4. Conclusions 
A dynamic model of a palladium membrane reactor for the Water Gas Shift (WGS) reaction has been 
developed by using the ISAAC Dynamic© platform. The mono-dimensional, time depending model has 
been developed by coupling the simple models of WGS reaction and of a Pd-composite membrane, e.g. 
considering that separation and reaction occur simultaneously in a single cell. Membrane model has been 
first validated by comparison with permeation measurements of two Pd-membranes 12 and 29 Pm thick, 
respectively, obtained by electro less plating on a macro porous stainless steel support. The whole model 
has been then validated by using results of WGS tests performed at 410°C in a tubular palladium 
membrane reactor. Model results fit quite well experimental data; the model, however, slightly 
overestimates CO conversion at high H2 recovery (up to the 10%), mainly due to the fact that 
concentration polarization effects are not considered. The model will be further improved  by considering 
polarization effects and a radial multi cell scheme; gas distribution and its influence on the reaction will 
be also investigated by experimental tests. 
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